Abstract-We present an application of the Akaike Information Criterion (AIC ) for an automatic and accurate determination of the acoustic and electromagnetic emission (AE and EME) onset times. The onset time information is used to derive the time delays between correlated AE and EME events from rock specimens during laboratory fracture experiments. The observed correlation in time between AE and EME events is consistent with EME release during microcrack growth. Relevant load drops are accompanied by AE bursts, expected to be generated during macrocracks propagation.
INTRODUCTION
Mechanical energy is stored as elastic energy in rocks under stress conditions. Most of this energy is then released during the main crack propagation, but a relevant part of it is spent before the failure under acoustic and electromagnetic emissions (AE and EME) [1] [2] [3] [4] [5] [6] [7] .
The AE phenomenon is the spontaneous release of elastic energy in stressed materials or subjected to harsh environment. Microcrack growth produces redistribution of internal stress in the form of transient elastic waves, called acoustic emissions [1] [2] [3] .
In recent years, there has been an increasing evidence of electromagnetic precursors due to rock microcracking well before the earthquake occurrence, although the EME source mechanism is not yet fully understood. The EME phenomenon in rocks was initially attributed to the piezoelectric behaviour of some minerals [6, 7] , especially quartz, but this mechanism could be active only in rocks containing a substantial amounts of such components.
As recently proposed, microcracking process involves the breaking of a large number of atomic bonds, which is expected to generate unbalanced charge distributions, of opposite sign, on the opposite sides of the microfractures and, consequently, the onset of strong local electric fields. This has been observed in experiments on the breaking of adhesion bonds [8] . As rocks contain micro-cavities with adsorbed gases, it is therefore possible that the breakdown voltage of the gases can be locally exceeded with generation of micro-electrical discharges and EME.
Another mechanism has been suggested [9] which could be effective in rocks with high electrical resistivity. The opposite charges on the two vibrating fracture faces constitute electric dipoles. The resulting damped electrical oscillations will, in turn, give rise to EME. Electrical relaxation times are sufficiently long to allow for the efficiency of the proposed mechanism, where a very large number of oscillating dipoles with limited lifetime is continuously replenished during crack propagation [6, 7] .
Simultaneous AE and EME during compression experiments on rock specimens suggests that the arrival time information of these signals can be exploited for microcrack location with potential applications in earthquake monitoring.
Traditionally, picking the signal onset times was carried out by checking the signal traces based on analyst's experience. Nowadays, handling large volumes of digital and real-time data impose less time consuming and equally objective alternatives. Here, the onset of AE and EME signals is determined by modelling the noise and the signal in windows using the Akaike Information Criterion (AIC ) with an automatic procedure for signal data processing able to eliminate false or doubtful onset times.
BASIC PRINCIPLE OF AIC CRITERION
Initially developed to predict the optimal order of the auto-regressive process fitting the time series in seismology [10] [11] [12] [13] [14] , the AIC criterion can be used to demark the point of two adjacent time series (noise and signal) with different underlying statistics [15] [16] [17] [18] [19] [20] .
Suppose that a voltage time series {x 1 , x 2 , . . . , x n }, containing the AE (or EME) signal, is divided in two segments i = 1, 2, {x 1 , x 2 , . . . , x k } and {x k+1 , x 2 , . . . , x n }, where k identifies the unknown signal onset time. Both segments are assumed to be two different pseudo-stationary time series, either modeled as an auto-regressive (AR) process of order M with coefficients {a i m }:
where
The model divides either time series into a deterministic and a non-deterministic part e i j , the latter assumed to be a white noise. Thus, the time series {e i j } is a sample of independent and identically distributed random variables, with mean zero, variance σ 2 i and density
, to which the maximumlikelihood estimation (MLE) can be applied. Then, we look at the joint density function of all variables {e i j } -expressed in terms of the observations {x j } by means of Eq. (1) -considered as fixed parameters, whereas the model parameters
) for the i-th interval are allowed to vary freely. In this perspective, the joint density function is the likelihood function L [15] [16] [17] [18] [19] [20] :
As it is known, the MLE finds the particular values of the model parameters which make the observed results the most probable or, in other words, which maximize the likelihood function L. Working equivalently with the logarithm of Eq. (2) and searching for the MLE of the model parameters we get:
which has the solution:
Inserting Eq. (4) into Eq. (2) we get the maximized logarithmic likelihood function [18] [19] [20] :
where C 1 is a constant. The expression in Eq. (5) is the basis for the Akaike Information Criterion (AIC ), in which the AIC function is defined as AIC = 2P − 2 ln (maximized likelihood function), where P is the number of parameters in the statistical model. Generally, a model with minimum AIC value is thought to be most suitable one among the competing models.
Originally this function was designed to determine the optimal order for an AR process fitting a time series. In the current application, the order M of the AR process is fixed, and therefore the AIC function is a measure for the model fit. The point k where AIC is minimized, or L is maximized, determines the optimal separation of the two time series -the first representing noise and the second containing the signal -in the least square sense, and is interpreted as the onset time of the signal. In this sense, the AIC as a function of k is known as AIC picker [18] :
where C 2 is a constant.
Alternatively, the AIC value can be directly calculated from the signal without dealing with the AR coefficients. As M n, Eq. (6) can be simplified [18] :
where k goes through all the signal trace, and var is the sample variance.
As AIC picker finds the onset point as the global minimum, it is necessary to choose a time window that includes only the segment of interest of the signal. If the time window is chosen properly, AIC picker can find the first arrival of the signal (P-wave arrival for AE) accurately. In case of low S/N ratios (as for noisy EM signals) or more seismic phases (as P-wave and S-wave for AE signals) in a time window, global minimum cannot guarantee to indicate the first arrival of the signal. For this reason a pre-selection of this window is necessary to apply the procedure. Here, the onset time is firstly pre-determined using a threshold amplitude level:
The first value for the index k that makes relation (8) fulfilled is named k 0 and it is the first estimation for the onset time. This first estimation is always localized after the actual onset time. Thus, we apply AIC picker to the interval [1, k 0 ] for a rough determination of the onset time, k 1 . Then, the application of AIC picker to the time window with center in k 1 and width 2(k 1 − k 0 ) gives the value k min , which is regarded as the actual onset time of the analyzed signal.
EXPERIMENTAL SET-UP AND RESULTS
We investigated the fracture of two magnetite [21] and two phonolite [22] cylindrical specimens by constant displacement rate (1 µm/s) uniaxial compression testing. The list of analyzed experiments is reported in Table 1 .
The AE activity due to micro-crack growth was detected by applying to the specimen surface a piezoelectric (PZT) transducer, sensitive in the frequency range 50-300 kHz, which converts the highfrequency surface movements due to the AE waves propagation into voltage signals [2, 3] . The EME activity from the specimens was detected by a pickup coil of 500 turns of 0.2 mm copper wire, positioned around the specimen (see Figure 1 ). According to Faraday's law, variations in the magnetic flux throughout this circuit induces a voltage signal [4, 5] . , where red circles mark AE events correlated with EME events; (c) histogram of the AE rate and EME time series; (d) Magnetite Specimen P2: load history; (e) AE time series, where red circles mark AE events correlated with EME events; (f) histogram of the AE rate and EME time series.
As an alternative, the pick-up coil could be situated externally (some centimeters away) of the specimen, with its normal pointing perpendicular or parallel to the specimen axis.
The AE and EME signals were simultaneously recorded by a multichannel National Instruments digitizer at 1 MSa/s setting a triggered acquisition. The trigger was set to the AE channel with detection thresholds properly adjusted -from 1 to 2.5 mV for the performed tests -to filter out the noise: thus, no trivial signals were detected before the beginning of the tests. Furthermore, a preliminary fracture test on a wooden block was carried out to verify that none of detected EME pulses may be due to the electronic control system of the testing AE rate and EME Ampl. Figure 3 . Phonolite Specimen P3: (a load history); (b) AE time series, where red circles mark AE events correlated with EME events; (c) histogram of the AE and EME time series; (d) Phonolite Specimen P4: load history; (e) AE time series, where red circles mark AE events correlated with EME events; (f) histogram of the AE and EME time series. machine.
For the experiments two specimens were arranged in contact with the press platen with a sheet of Teflon (specimens P1 and P4) and the remaining ones (specimens P2 and P3) without any coupling material, the latter to investigate the influence of triboelectricity produced by friction between the specimen and the press platen on the EME activity. This phenomenon seems to be relevant only for the magnetite specimens (compare Figures 2 and 3) .
The load history (Figures 2(a), (d) and 3(a), (d) ) and the AE amplitude time series (Figures 2(b) , (e) and 3(b), (e)) are plotted for all the specimens, where red circles demark the AE signals simultaneously detected with EME signals. The correlated EME signals, plotted as blue circles, are shown together with the histograms of the AE rate in Figures 2(c) , (f) and 3(c), (f).
Both AE and EME signals are represented by the onset time (determined by the AIC picker) and the peak amplitude. All tested specimens failed in a brittle manner, i.e., with linear segments of the load-time curve followed by abrupt drops in load-carrying capacity (P1 and P4 are perfectly brittle with a single load drop: see Figures 2(a), 3(d) ). Bursts of AE activity containing high-amplitude signals can be clearly correlated with such load drops and are to be considered as signature of crack growth and then as failure precursors (Figures 2(b) , (e), and 3(b), (e)).
In the literature it is shown [23] [24] [25] [26] [27] that the time for the EME signal to reach the maximum amplitude, T , is related to the crack T Figure 4 . EME signal related to the failure of Magnetite Specimen P2 (occurred at 2000 s since the beginning of test (compare with Figures 2(d)-(f) ). Note the time interval T = 8 · 10 −5 for the EME signal to reach the maximum amplitude. length, l, by:
where v is the crack advancement velocity.
As an example, the estimated length l of main crack developing at the failure time of the Magnetite Specimen P2 is 50 mm, while the measured value of T for the related EME signal (Figure 4 ) is 8 · 10 −5 s. Inserting these values in Eq. (9) results in estimated crack velocity v = 625 m/s. This value is comparable with ones observed during compressional loading of glass ceramics [24] . Figure 5 shows the onset time t AE(EME) of an AE (EME) signal trace as the global minimum of the AIC function. Thus, the time delay between correlated AE and EME signals is given by ∆t ≡ t AE − t EME . The obtained time delays are not strictly consistent with the hypothesis of AEs and EMEs simultaneously generated by microcracking events. In that case, assuming instantaneous propagation of the EME signals, the time delay may be estimated by ∆t = d/v AE ≈ 25 µs, where v AE ≈ 4 × 10 3 ms −1 is the speed of sound in the material and d = 10 −1 m is the specimen size, in contrast with the experimental evidence. In fact, as some of the observed time delays agree with the theory, others are one order of magnitude higher (hundreds of microseconds) or even negatives (the AE precedes the EME wave). The unexpected results for the arrival time delays between time-correlated AE and EME signals may also imply the existence of a non-trivial triggering mechanism of EME by the AE phenomenon. Figure 5 . Minimum of the AIC function (red line) identifying the onset time of (a) AE, and (b) EME correlated signals.
CONCLUSION
The onset of AE and EME signals from rock fracture is determined through the joint auto-regressive modelling of the noise and the signal, and the application of the Akaike Information Criterion (AIC ) using the onset time as parameter. This so-called AIC picker is able to find accurately the onset of genuine signals against the background noise. The presented study suggests the use of EME measurements to enhance monitoring systems based on the AE technique, especially applied to micro-seismicity with potential applications in earthquake forecasting.
The sporadic occurrence of EME events may be due to the experimental settings, with data acquisition triggered by the AE channel, and especially to the reduced width of the investigated EME frequency band (0-500 kHz). Development of measurement methods for EME signals over a broad-band spectrum with high resolution frequency detail, i.e., extending up to some GHz, is necessary to improve the EME statistics for crack location purposes. Furthermore, it would be helpful to use a high-sensitivity centimetric loop as a magnetic sensor. Establishing the time hierarchy between AE and EME correlated events -crucial for understanding their origin and mutual influence -remains an issue under investigation.
